ABSTRACT How to select candidate lines to improve the quality and to reduce the computation burden of the transmission expansion planning is an important issue, considering the trend of multi-regional transmission network interconnection. In this paper, a method consisting of five stages to select candidate corridors is proposed, which can provide an optimal candidate set for system planners. In the first and second stage, existing corridors are reinforced to eliminate congestion and to satisfy N-k security criteria. In the third stage, candidate buses are identified to specify the scope of new possible corridors. In the fourth stage, the difference of local marginal price is applied to select new corridors. In the fifth stage, residual possible corridors are checked by using a linear relaxation technique to enhance the performance of the candidate set, and to reduce the required computation time. The proposed method is verified on the revised IEEE 24-bus test system and revised IEEE RTS-96-bus test system. INDEX TERMS Candidate line selection, local marginal price, N-k security criteria, linear relaxation.
I. INTRODUCTION
As the annual increase of system loads, the transmission network needs to be expanded to provide sufficient transmission capacity for the increasing generation. The aim of Transmission Expansion Planning (TEP) is to determine when and where to reinforce the existing transmission network [1] , [2] . The variable to represent whether a transmission line should be built or not is a binary one. So the TEP problem can be modelled using a mixed-integer programming (MIP), which is hard to solve, especially when the size of integer variables is large. In general, it is impossible to consider all transmission corridors as decision variables in the TEP problem. As a result, it is necessary to select candidate corridors before carrying out TEP. The current method is that planners select candidate lines according to experience and operation conditions. Then TEP determines which lines should be built from the given candidate set. The candidate set is selected based on experts' experience. Hence, the performance of the manually selected candidate set is questionable and this approach is facing great challenges.
TEP can also be modelled as a mixed-integer linear programming (MILP) [3] - [6] if operating costs are considered, by implementing direct current (DC) power flow approximation [7] . More studies about TEP can be found in [8] and [9] . The technique of decomposition algorithms are widely utilized to decompose the original MIP or MILP problem into a master problem and subproblems [1] , [10] - [14] . In those papers, the candidate lines were provided directly, without any comments about how those lines were selected. However, the candidate lines perform an important role during the process of TEP. So how to select candidate lines needs to be studied.
When selecting candidate lines, many factors need to be considered. For example, it is not economic to build lines over mountain areas and the length of a transmission line should not be too long. By considering various factors, many possible lines could be eliminated. Even so, the size of the rest of lines is still beyond the capability of TEP to solve. As a result, it is needed to identify the rest of candidate lines and limit the number of candidate corridors to be within an acceptable scale. However, currently there are no well established methods available for determining the candidate lines, considering the complexity of TEP problem, if the candidate set is manually selected, the completeness of the candidate set is relied on the experience of the planners, and is hard to be ensured.
Nowadays, the installation capacity of renewable energy sources (RES) is increasing quickly. Corresponding transmission corridors need to be built to deliver the renewable generation from remote areas with rich RES to load centres. Different from traditional generation, renewable energy generation has the characteristics of uncertainty, which brings challenges to the system operation. To enable the largescale integration of RES, the transmission network needs to be updated, and interregional connected in some cases. It becomes more difficult to carry out TEP over multiple regions co-ordinately, for the reason that a planner might only have the knowledge of a certain region and interregional candidate lines are not easy to be selected.
As far as we know, very little work about the selection of candidate lines has been carried out [15] , [16] . In [15] , the local marginal price (LMP) difference is taken as the only factor to evaluate the potential benefits of constructing new transmission lines. The potential benefit to build the specified candidate corridor is calculated by multiplying the difference of LMPs with the capacity of the corridor. The selection standard is that the corridor, the benefit of which is greater than the conduction cost, is selected as the candidate corridor. In [16] , it states that the it is a good choice to select candidate corridors according to LMP, but it cannot ensure to select all possible promising lines. These two papers are both based on the assumption that candidate lines can be selected based on the LMP difference. However, potential benefits evaluated by the LMP difference might deviate from the real benefits. For example, even the LMP difference between two buses is very large; the potential benefit might be small by building a new line between these two buses. On the other hand, even though the LMP difference is small, the potential benefit might be greater than the construction cost. So if only the LMP difference is taken as the only factor to identify candidate lines, the resulted set might be lack of completeness. In our study, it shows that even the LMP difference between two buses is small, the corresponding transmission corridor can still be selected according to the optimal expansion plan. In addition, it is worthwhile to mention that N-k security criteria were not considered in [15] , and only N-1 connectivity was mentioned in [16] . In our previous work [17] , the N-k security criteria were also not considered. To address above deficiencies, a selection algorithm for candidate lines is proposed in this paper, which can automatically create the candidate line set. Compared with our previous work, the importance to set up a proper number for new corridors is also analysed.
The main contributions of this paper are as follows:
(1) The proposed selection method for candidate lines includes five stages, which are a combination of enforcing existing transmission corridors in the first two stages and exploring new corridors in the latter three stages. (2) Through the identification of candidate buses, the complexity to select new corridors is greatly reduced. (3) N-k security criteria are well-considered during the process of selecting candidate lines.
(4) The linear relaxation technique is deployed to improve the performance for the selection of the candidate line set, and to limit the computation complexity. This paper is organized as follows. The model of TEP and its general procedure is introduced in Section II. The automatic selection method for candidate lines is proposed in Section III. In Section IV, two test systems are applied to demonstrate the effectiveness of our approach. Finally, Section V concludes. 
II. TRANSMISSION EXPANSION

B. MATHEMATICAL MODEL
The mathematical TEP model is presented in this section, with the consideration of N-k security criteria and RES utilization. Both investment costs and operation costs are considered in the objective, which is to minimize the total cost. The following formulation is referred to as that in [18] , and noted as TEPM (TEP model). 
x t e = 1 ∀e ∈ E 0 , ∀t (11)
In the objective function (1), the capital recovery factor r(1 + r) y /((1 + r) y − 1) is applied to get the construction cost for lines in each year. As for operating costs, only generation costs for conventional generators are considered, and RES generation costs are assumed to be zero. According to the annual load duration curve, each year is divided into several intervals according to the load level.
Constraints for the TEPM are shown in (2)-(10). The power balance at each bus is shown in (2), which includes scenarios under normal state (no-contingency state s = 0), and contingency state. (3) and (4) represent the power transfer through existing lines and candidate lines. (5) ensures the power flow in each line doesn't exceed its capacity limit. (6) shows that the power generation of each generator must be within its maximum capacity. (7) shows that the RES utilization level needs to be larger than the specified level under the normal state s = 0. (8) shows that the RES utilization level under contingency state is not limited. (9) restricts the loss-of-load at each bus cannot exceed the load demand at that bus. (10) ensures that the total loss-of-load under each contingency s under a specified set of realizations of uncertain parameters cannot exceed the specified ratio ε |s| . (11) shows that existing lines have been built. (12) represents that candidate lines remain the existing states once they are built.
C. TEP PROCEDURE
The general procedure to carry out TEP is shown in Fig. 1 , which includes four steps: selecting candidate lines, forming TEPM, solving the model and obtaining final plan. The left flow chart presents the traditional TEP procedure with the all possible candidate lines or manually selected ones. The right flow chart shows the new procedure with the automatic selection of candidate lines, which is the focus of this paper. The performance of these two procedures will be compared in terms of optimal costs and computation time. Considering the complexity of TEPM, the widely applied solving approach is the decomposition algorithm. To deal with the N-k security constraint, the method in [8] is applied in this paper to calculate the worst-case loss-of-load under a given rank of contingency.
III. SELECTION ALGORITHM OF CANDIDATE LINES
Over the planning horizon, the load and generation installation increases yearly. As a result, new lines need to be built to increase power transfer capacity. In this paper, the last year is selected as the target to carry out candidate corridors selection. VOLUME 6, 2018 As mentioned above, LMP information is very useful to identify the candidate corridors. The problem to calculate LMP is called as LMPM (LMP model) and is presented as follows:
f e = B e (θ i e − θ j e ) ∀e ∈ E 0 (15)
−f e ≤ f e ≤f e ∀e ∈ E 0 (16)
The objective of LMPM is to minimize the generation costs and penalty costs of loss-of-load and RES shedding. The information of LMP can be achieved from the dual of (14) . In practice, during the process of TEP, loss-of-load and RES shedding should be avoided. So in (13) , the penalty of loss-ofload and RES shedding is relatively high. As a result, the bus with loss-of-load and RES shedding has high absolute LMP value.
The selection method for candidate lines proposed in this paper consists of five stages, which are carried out in sequence. The final candidate set provided by the selection method is CL, which is the union of candidate set CL m (m = 1, 2, 4, 5) created in Stage m.
A. STAGE 1-REINFORCEMENT OF EXISTING CORRIDORS
The reason to carry out TEP is that the existing transmission network cannot afford the increasing requirement of transmission capacity. If new lines could not be built, then there would be congestion within the network. The congestion can be reduced by reinforcing the existing corridors. So the possible reinforcement plan should be included into the candidate set. Here the set of candidate lines selected in Stage m is noted as CL m . The union of CL m is noted as CL, which is the candidate set the proposed method created for system planners.
The approach to select possible reinforcement lines is to solve the problem LMPM. After solving LMPM, it can get the power flow over the network, as well as the loss-ofload and RES shedding. The congestion lines are those with power flow reaching corresponding capacity limits. If there is congestion in the line, and the corresponding line is selected and included into the candidate set CL 1 . Then the LMPM is solved again with newly added lines in CL 1 . If there is still congestion in some lines, new lines are added into CL 1 . Such a process continues until there is no congestion in the network. The whole process is shown in Fig. 2 . CL 1 is the set of candidate lines generated in this stage. At beginning, CL 1 is empty, and then candidate lines are added into CL 1 during the process. After Stage 1, CL becomes:
B. STAGE 2-SECURITY CRITERIA CHECK
In Stage 1, congestion is reduced by enforcing existing lines. Another important issue for the TEP is to meet the security criteria, such as N-k contingencies check. In Stage 2, a possible reinforcement plan on existing lines is selected to satisfy the requirement of N-k contingencies. Take the N-1 contingency check as an example, the common requirement is that the loss-of-load should not happen under any N-1 contingency. For other N-k contingencies check, different ranks of contingencies have different limitations on the amount of loss-of-load that can be shed. Under the given rank of k contingencies, the worst-case loss-of-load should meet the specified limitation. Here, the worst-case loss-ofload is calculated according to the method presented in [18] . The process of Stage 2 is shown in Fig.3 . CL 2 is the set of candidate lines created in this stage. If the worst-case lossof-load under some contingencies exceeds the limit, the corresponding lines under failure are added into CL 2 . After Stage 2, CL becomes:
C. STAGE 3-DEFINING CANDIDATE BUSES
In the first two stages, candidate lines are selected to reinforce existing corridors, so that the congestion can be reduced and the security criteria can be met. However, there might be other new promising corridors to achieve the same target. It is quite possible that a better choice is to construct new transmission corridors. The question is that how to select promising new corridors from a large number of possible corridors. Herein, an approach to select new corridors is presented.
The basic idea of selecting new corridors is illustrated in Fig.4 . The power flow of this existing line is from bus i to bus j. In the first two stages, the line is selected to be reinforced for the purpose of reducing congestion and/or meeting security criteria. Although reinforcing this line can met the need, an alternative way might be even more efficient, which is to construct new corridors connected with these buses, which are identified as candidate buses. Basically, candidate buses are those with either very heavy power generation or load or power flows. The candidate buses are related to the following three possible scenarios:
Candidate bus i as a generator bus: If bus i is connected with a large generator, and power generation needs to be dispatched through the line between i and j. By connecting bus i to other buses around, the power from bus i can be dispatched through more lines, rather than just by the line connecting i and j, just as the left ellipse shows in Fig. 4 .
Candidate bus j as a load bus:
If bus j is a load bus and the load demand is mainly met through the line between bus i and bus j, the power flow in this line can also be reduced by connecting bus j to other buses around so that the load demand can be met through more corridors, just as the right ellipse shows in Fig. 4 .
Candidate bus i and bus j as interconnection buses:
If bus i and bus j are just interconnection buses or this line is required to be reinforced for the purpose of meeting security criteria, the congestion or the security criteria can also be reduced or ensured, by connecting bus i or bus j to other buses.
Based on the above analysis, the candidate buses are formed. Buses connected to lines included in CL = CL 1 ∪ CL 2 are formed as candidate buses and denoted as the set CB. CB = {i ∈ B|i connected to lines e ∈ CL 1 ∪ CL 2 }
D. STAGE 4-EXPLORING NEW TRANSMISSION CORRIDORS
For each candidate bus i ∈ CB, two factors are considered to select new corridors: the potential benefit and investment costs of new line. The potential benefit brought by building a new line is estimated by the LMP difference and its capacity [6] , [7] .
For one hand, the candidate corridors with larger LMP difference are more promising. For another hand, candidate corridors with less construction costs are favoured. These two aspects are both considered by the following index.
The index κ ij for each possible corridor is calculated according to the above formulation. From the above analysis, the corridor with larger κ ij is more attractive. By sorting κ ij in descending order, it can get the priority of new corridors from high to low. Here, M corridors are selected and included into the candidate set CL 4 . M is a positive integer, and the larger M is, the larger the size of CL 4 becomes. Although a large size of CL 4 might improve the performance of the resulted set of candidate corridors, this will increase the computation complexity of TEPM. So a proper M should be selected to get a balanced size of CL 4 . By solving the TEP problem with all possible candidate corridors, it can get the optimal expansion lines. Here the performance of the candidate set refers to the number of lines in the optimal plan included in the candidate set CL. After Stage 4, the candidate set becomes
E. STAGE 5-CHECKING RESIDUAL POSSIBLE CORRIDORS
In Stage 4, new candidate corridors are selected according to LMP information and construction costs. However, it may not be sufficient to select new corridors only based on LMP differences and investment costs. It is likely that some optimal lines has not been added into the CL after Stage 4. In order to cover promising candidate lines as many as possible, all residual corridors connected to each candidate bus are examined. For each candidate bus i ∈ CB, the following steps are carried out.
For each i ∈ CB 1. Collect all residual corridors which have not been connected to bus i to get a set of corridors, marked as RC i . The residual corridors are referred to those corridors VOLUME 6, 2018 which are not included in the existing lines (corridors) and the candidate set CL up to now.
The TEPM is solved with candidate lines CL ∪ RC i . To reduce the computation time, the N-k security criteria are not considered in this TEPM calculation. Also, the linear relaxation is applied to relax the original binary variable x t e into a continuous one. So the TEPM problem is relaxed as a linear programming problem, which can then be easily solved. 3. In the optimal result, if the value of x NT e is larger than the specified value ξ , then the specified corridor will be taken as a candidate one and be included into CL i 5 .
Update
After the above five stages, the final candidate set created by the selection method is:
where h is the number of candidate buses in CB.
IV. CASE STUDIES
Two test systems are applied to verify the performance of the method and carry out analysis with different parameter settings. The revised IEEE 24-bus test system and revised IEEE RTS-96 are applied to demonstrate the effectiveness of the proposed approach.. Only N-1 and N-2 contingencies are considered in the security criteria. Results with and without considering security criteria are compared. In the Stage 4 of candidate line selection, the first M candidate corridors are added into the candidate set. The impact of different number of M is analysed. Also, in the Stage 5, the continuous relaxation technique is applied to reduce the computation time.
Results by solving the original mixed-integer problem are compared with results by implementing continuous variables relaxation. In the two test systems, it is noted that the optimal value of x t e in the relaxed problem is either zero or larger than 0.1 in most cases. So ξ is set to be 0.1 in the following tests. There should be no loss-of-load in normal operation and N-1 contingency, and 1% of total load can be shed during N-2 contingencies. The RES utilization limit is set to be 0.8. The penalty of loss-of-load and RES shedding are defined as 5 times of generation costs. M is set to be 3.
The Matlab toolbox YALMIP is applied to the model the optimization problem [19] , and CPLEX 12.1.4 is taken as the solver. The program are run on an Intel Core-i5 2.5-GHz personal computer with 4GB memory.
A. REVISED IEEE 24-BUS TEST SYSTEM
The detail data about IEEE 24-bus test system can be found in [20] . Three RES generation are connected to bus 13, 17 and 22 with the capacity of 200 MW, 200 MW and 250 MW, respectively.
1) IEEE 24-BUS TEST SYSTEM RESULTS WITH SECURITY CRITERIA
Firstly, the case considering security criteria are considered. Table 1 presents the resulted the set of candidate corridors selected by five stages. Stage 3 is not presented in this table, considering no corridors are selected in this stage. In total, the resulted candidate set includes 54 corridors. To get the best expansion plan, the TEPM is solved with whole 23 * 12 = 276 candidate corridors. Also, the TEPM is solved with the created candidate set listed out in Table 1 . The result is shown in Table 2 . The only difference is the line (4,5) is replaced by two lines (1, 5) and (4, 8) . Bus 4 and 5 becomes isolated when two lines connected to them fails during N-2 contingencies. In order to ensure N-2 contingencies, the best solution is to link bus 4 and 5. However, this line is not included in the candidate set, so (1, 5) and (4, 8) are selected to meet the N-2 contingencies. Compare the optimal cost under the obtained set of candidate corridors with the cost under the whole set of candidate corridors, it can be found that the former one is only 0.8% higher than the latter one. The total computation time for the whole procedure (including candidate selection and solving TEP model) is shown in Table 2 . Also, the required time for selecting candidate lines is shown in the parentheses with bold fonts. With the created candidate set, the total computation time is less than 1/5 of that for the procedure with the whole set of candidate lines. According to the proposed candidate line selection method, the LMP is calculated before carrying out selecting candidate lines. For the IEEE 24-bus test system, LMP information is shown in Table 3 . As can be seen from Table 2 , four corridors need to be built, and corresponding LMPs are marked in grey in Table 3 . The LMP difference between bus 4 and 5, 6 and 9 is quite small. However, these two lines are included the optimal expansion plan. The reason to build the line between 4 and 5 is for the consideration of N-2 security criteria. If the LMP difference is considered as the only factor to select candidate lines, just as the method proposed in [6] and [7] , then the line between bus 6 and 9 would not be selected. So the LMP difference is not sufficient for the candidate selection, which in turn, shows the importance of Stage 5.
2) IEEE 24-BUS RESULTS WITHOUT SECURITY CRITERIA
To analyse the impact of N-k security criteria to the TEP problem, scenarios without considering N-k security criteria are also calculated. Results are shown in Table 4 . The total number of candidate lines is 33, which is largely reduced compared that with security criteria. The best plan is to construct three new corridors, namely (16, 17) , (14, 15) and (4, 8) , all of which are covered by the candidate corridors. From Table 1 and Table 4 , the proposed approach which is combined by five stages can cover most of the lines in the best expansion plan. So each stage plays an important role in selecting the most promising candidate lines.
B. REVISED IEEE RTS-96
The data of IEEE RTS-96 can refer to [21] . To include RES into this test case, nine RES generation are connected to nine buses.
Firstly, the candidate set is constructed with the security criteria. Results are shown in Table 5 . The number of total buses is 73, and the whole possible candidate corridors can be calculated as 73 * 36 = 2628. If all 2628 possible lines were considered as candidate lines, it failed to solve the TEPM due to the memory overflow. To limit the number of candidate corridors within an acceptable range, the candidate corridors which has high construction costs and long length are not included. As a result, the number of candidate set is reduced to 437. Taking those 437 lines as candidate corridors, it can solve the TEPM and get the best expansion plan. Seen from the result, it can find that 23 corridors need to be built, and 17 out of 23 lines are covered by the obtained the candidate corridors, generated by the proposed selection approach. In Table 5 , it demonstrates the results of selected candidate corridors, and the optimal corridors covered by each stage. Table 6 shows the results with the whole candidate set (437 lines) and with created candidate set. In Table 6 , it can know that these two plans have the similar number of corridors to be built. The total cost obtained by using the obtained candidate corridors are 1.13 higher than that with all the possible corridors. The total computation time with created set is only 28% of that for the procedure with the 437 candidate lines.
Secondly, the candidate set is constructed without the security criteria. 116 candidate corridors are included into the set. In the four stages, the number of candidate corridors are 23, 0, 82 and 11. The best expansion plan without security criteria under the whole candidate set (437 lines) is to construct five lines, and four of them are covered by the candidate corridors. The total cost obtained by using the obtained candidate corridors are 0.3% higher than that with all the possible corridors. 
C. IMPACT OF M ON THE OPTIMAL EXPANSION PLAN
According to the analysis above, the larger M is, the more candidate lines are selected. Although more candidate lines might increase the performance of the candidate set, it increases the difficulty to solve the TEP problem. So a proper M needs to be determined while the compromising the size of candidate set and the optimal cost of the expansion plan. under different M values, considering the security criteria and implementing continuous variables relaxation.
In these two tables, the second column shows the size of the candidate set by implementing different M values; the third column is the increased ratio of optimal cost (objective of TEPM, (1)) under given candidate set, compared with that with whole candidate lines; the fourth column is the number of optimal lines (selected by using the whole set of candidate lines) that the candidate set can cover.
According to results for the IEEE 24-bus test system shown in Table 7 , different M values have no significant impact on the number of optimal lines that the candidate set can cover. As for the result for IEEE RTS-96 shown in Table 8 , the impact of different M values is small. Considering the size of the candidate set and the performance of the candidate set, M is recommended to be 3.
D. IMPACT OF CONTINUOUS RELAXATION OF INTEGER VARIABLES
In the final stage of the proposed candidate selection approach, the continuous relaxation of integer variables is applied to reduce the computation time. In the section, the impact of continuous relaxation of integer variables on the optimal expansion planning is evaluated. Candidate lines added in the Stage 5 by solving the original MILP problem and by solving the relaxed problem are shown in Table 9 . Scenarios under different M values are compared from aspects of the number of optimal lines covered by Stage 4, and the increased ratio of optimal cost (objective of TEPM, (1)).
From Table 9 , the number of candidate lines added in Stage 5 by solving the MILP and relaxed model is 6 and 12, respectively. The number of optimal lines covered by Stage 5 under two models is 3 and 6, respectively. In both models, different M values have no impact on the number of candidate lines added in Stage 5 and the number of optimal lines covered by Stage 5. The fifth column shows the increased ratio of optimal cost (objective of TEPM, (1)) under given candidate set. The sixth column is the computation time required to carry out candidate selection by implementing two models. According to the results, the relaxation model can discover more optimal lines than the MILP model, and the required computation time for the relaxation model is only 1/3 or even 1/4 of that for the MILP model.
V. CONCLUSIONS
The problem of selecting candidate lines for TEP has been studied in this paper and a method has been proposed to select candidate lines in an automatic process. The proposed algorithm consists of five stages, which are the combination of reinforcing existing lines and exploring new corridors. In the first two stages, existing corridors are reinforced to ensure the utilization of RES, reduce congestion and meet N-k security criteria. To replace the reinforcement of existing lines, new corridors are explored in the latter three stages. The work to explore new corridors begins with collecting candidate buses in the third stage, which can reduce the scale of new corridors significantly. Moreover, to improve the quality of candidate set, other possible corridors connected to the candidate buses are also examined by solving a linear relaxation TEP problem. Results have shown that the proposed algorithm can cover most of the optimal candidate lines. Each stage plays an important role in creating candidate set. It has been demonstrated that selecting candidate lines according to LMP differences is not sufficient.
